An electrochemical cell employing a YSZ electrolyte and two Au electrodes was utilized as a model system for investigating the mechanisms responsible for impedancemetric NO x (NO and NO 2 ) sensing. The cell consists of two dense Au electrodes on top of a porous/dense YSZ bilayer structure (with the additional porous layer present only under the Au electrodes). Both electrodes were co-located on the same side of the cell, resulting in an in-plane geometry for the current path. The porous YSZ appears to extend the triple phase boundary and allows for enhanced NO x sensing performance, although the exact role of the porous layer is not completely understood. Impedance data were obtained over the frequency range of 0.1 Hz to 1 MHz, and over a range of oxygen (2 to 18.9%) and NO x (10 to 100 ppm) concentrations, and temperatures (600 to 700
INTRODUCTION
NO x sensor development is motivated by environmental concerns and poses numerous challenges including cost, sensitivity, stability, and response time. Yttria-stabilized zirconia (YSZ) is currently used for automotive O 2 sensors and is particularly suited to meet the harsh, high-temperature operation requirements. Development of YSZ-based NO x sensors has focused on amperometric and potentiometric types, usually relying on various metal-oxide electrodes to optimize the response [1] [2] [3] . Two major drawbacks have been device stability and the need for complicated structures to account for interfering gases, such as O 2 . This paper presents an impedancemetric type YSZ-based model system, which has the possibility of overcoming problems associated with other types of sensors [4] . Previous work reported an impedancemetric NO x sensor using Au, porous YSZ/Cr 2 O 3 composite electrodes, and a YSZ electrolyte in an in-plane geometry [4] . Understanding the sensing mechanisms is necessary to optimize sensor operation. The present work uses a model electrochemical cell to isolate the role of the Au/porous YSZ interface. The cell consists of a dense YSZ electrolyte and two planar Au plates, with a porous YSZ layer separating the Au and dense YSZ. Impedance spectroscopy measurements were performed and then fit with an equivalent circuit. Data taken at different temperatures (600, 650, and 700
• C) and concentrations are used to interpret the effect of O 2 (2, 10.5, 18.9%) and 
EXPERIMENTAL DETAILS
YSZ powder (Tosoh 8-YS) was pressed and sintered at 1450
• C producing dense 12.2 mm dia. pellets. YSZ powder dispersed in a 50% H 2 O/50% ethanol solution was spray coated on the pellet as two side-by-side rectangles (each with area ∼28 mm 2 ) separated by ∼0.5 mm and fired at 1000
• C. Figure 1a shows an SEM image of the ∼10 μm thick porous YSZ layer consisting of ∼100 nm dia. particles (Fig. 1b) . Two Au plates contacted the porous YSZ using constant spring-loaded pressure. Testing occurred in a quartz tube (I.D. of 16.8 mm) inside a tube furnace with both electrodes exposed to the same gas (flow rate of 500 ml/min). Composition was controlled by mixing air, N 2 , and 1000 ppm NO or NO 2 using thermal mass flow controllers. Electrochemical measurements were performed using a Solartron Analytical SI 1260 Impedance/gain-phase analyzer with the Solartron Analytical SI 1287 electrochemical interface and computer-controlled data acquisition with the commercially available ZPlot software (Scribner Associates, Inc.). Impedance spectra were collected from 1 MHz to 0.1 Hz at 20 steps per frequency decade with an excitation voltage of 50 mV and were subsequently analyzed using Boukamp's EQUIVCRT.COM software [5] . Figure 2a shows a Nyquist plot of the cell at 600
DISCUSSION
• C in 2% O 2 with and without 100 ppm NO. A high-frequency (HF) arc, which does not change, is shown in the inset, while a larger low-frequency (LF) arc, which decreases significantly with the introduction of NO, dominates the spectra. The magnitude (|Z|) and phase angle (θ) at 10 Hz are graphically illustrated as solid and dotted lines, respectively, where |Z| 1 and θ 1 refer to the response in 2% O 2 , and |Z| 2 and θ 2 refer to the response in 2% O 2 with 100 ppm NO. The response to NO 2 was qualitatively similar to that for NO. Miura, et al., and Wu, et al., have seen qualitatively similar response and utilized |Z| as the sensing signal at 1 Hz and 0.42 Hz, respectively [6, 7] . Figure 2 shows that θ may also be suitable for sensing. Previous work demonstrated that θ may be more sensitive than |Z| at higher frequencies (∼10 Hz) [4] . In general, higher frequency operation is desirable since it allows for reduced sampling times and potentially lower noise background [4] . The present work focuses on interpreting the response of the model electrochemical cell in the range of ∼10 Hz to varying O 2 and NO x concentrations.
Changes in gas concentration primarily affect the LF arc, which can be approximated
NO x (10, 50, 100 ppm). The analysis provides a basis for future work on the role of different oxides (e.g., Cr 2 O 3 ), microstructures (e.g., porosity), and other material parameters.
Figure 1: SEM images of (a) the thickness and (b) morphology of the porous YSZ. as a single arc using a simplified equivalent circuit consisting of a resistor (R S ) in series with a subcircuit made up of a resistor (R LF ) in parallel with a constant phase element (CPE). The CPE accounts for non-ideal behavior in real systems (i.e., "depressed" arcs in the Nyquist plot) and has the impedance relationship [8] :
, where Y 0 is a constant, ω is angular frequency, and n is a measure of arc depression. For n = 1, there is no arc depression, and the impedance reduces to a capacitor with a value of Y 0 . The experimental data were fit with the equivalent circuit using the partial non-linear least squares fitting routine in the Boukamp EQUIVCRT.COM software [5] , and values for R S , R LF , and the CPE were obtained. R S approximates the HF contribution to the total cell resistance, and R LF corresponds to the diameter of the LF arc. The CPE n-values vary from ∼0.88 to ∼0.90, showing no temperature or concentration dependence. Since these n-values approach one, the best-fit values of Y 0 in the CPE are used as capacitance values. Figure 2b shows Nyquist behavior with additions of NO; discrete points are experimental data, and solid lines are the best-fit using the equivalent circuit. There is good agreement between the fit and the measured data over the frequency range 1 Hz to 1 kHz. In Fig. 2b , adding either 8.5 % O 2 or 100 ppm NO produces similar decreases in the LF arc, ∼64% and ∼52%, respectively. This is remarkable since the NO concentration is ∼10 3 times smaller than the O 2 concentration (i.e., 8.5%=85,000ppm). Additions of NO x has a much larger effect on the electrical response than O 2 . Calculated values of the circuit elements (i.e., the best-fit of the equivalent circuit to the experimentally measured data) for different gas concentrations and temperatures are used to determine possible rate-determining steps (RDS) and understand impedancemetric NO x -sensing mechanisms.
The effect of O 2 on R S and R LF is shown in Fig. 3a , where R S is insensitive to O 2 . R LF shows similar P O 2 dependences at all temperatures, with
has been suggested for a RDS involving dissociative adsorption of O 2 [9, 10] . A surface diffusion process could also produce a similar dependence, but no limiting current behavior was observed. The deviation from −0.5 could result from the additional contributions of gas-phase diffusion or molecular adsorption, both of which have R LF ∝ P shown resulting in an E a of 93 kJ/mol, which is consistent with ionic diffusion in YSZ. An E a of 89 kJ/mole has been reported in a Au, O 2 (g)/YSZ system [11] . Hertz, et al., found differing E a for gold (88 kJ/mol) and platinum (74 kJ/mol) electrodes on thin film YSZ [12] . The similarity between these reported values and the present work may indicate that the response mechanism(s) are related to the Au/YSZ interface. The calculated capacitance exhibits only a slight dependence on temperature or O 2 , in all cases ranging between 0.32 and 0.37 μF. However, general trends indicate that capacitance increases with P O 2 , which may be related to an increase in the fraction of adsorbed O 2 species at the Au/YSZ interface [11, 13] . The effect of NO x on R LF was qualitatively similar to the effect of O 2 . R S was insensitive to NO x concentration. The NO x dependence of R LF (R LF/N Ox ) was determined by accounting for the effect of oxygen:
where R LF/O 2 +NOx is measured when both O 2 and NO x are present, and R LF/O 2 is measured when only O 2 is present. Figure 4 shows that R LF /N Ox ∝ [NO x ] α , with α = −0.96 ± 0.04 and α = −1.02 ± 0.16 for NO and NO 2 , respectively. R LF/N Ox is effectively insensitive to P O 2 and shows very little sensitivity to temperature (see discussion below), so the average values are shown in Fig. 4 with error bars indicating the standard deviation. A possible explanation is a RDS controlled by molecular (non-dissociative) adsorption of NO and would be analogous to the molecular adsorption of O 2 which, when acting as the RDS, results in a power-law exponent of −1 [9] . In the current cell, dissociative adsorption of NO is not expected since it requires either an appropriate catalyst (e.g., Pt, Rh, and Pd) [14] or high electric fields [15, 16] ; the absence of a limiting current suggests that gas phase diffusion is not the RDS. Thus, the NO x dependence of R LF /N Ox appears to be consistent with the non-dissociative adsorption of NO x .
In general, the calculated E a from R LF /N Ox results in negative values for E a , and R LF /N Ox increases with temperature. This is in contrast to the behavior when only O 2 is present (see Fig. 3b ), which has positive values of E a and R LF decreases with temperature. Increasing resistance with temperature has been attributed to adsorption processes, where the magnitude of E a is related to the surface coverage [17] . For most values of NO x , the calculated E a from R LF /N Ox range from -14 to -0.3 kJ/mol; the exception is 10 ppm NO 2 , which has larger magnitudes ranging from -54 to -34 kJ/mol. ) varied with NO x concentration and temperature. The absolute value of β decreases with additions of NO x , an effect that becomes more pronounced at lower temperatures. The values of β range from -0.62 to -0.49, where the smallest absolute value of β occurs for 100 ppm NO at 600
• C. The changing power-law exponent (β) could indicate changes in the RDS or the type of species involved [9] . When both O 2 and NO x are present, E a varies as a function of gas compositions, and is higher for the larger O 2 concentrations and always decreases with the addition of NO x . The lowest E a occurs for 2% O 2 and 100 ppm NO, with a value of 64 kJ/mol. Since adsorption processes appear to dominate the response, the decrease in E a with the addition of NO x may indicate changes in the adsorption energy and heat of adsorption. The trends could be interpreted as competition between the mechanisms responsible for the O 2 and NO x responses, but are not completely clear at present.
CONCLUSIONS
Electrochemical characterization of a Au/YSZ/Au cell demonstrates that increases in either O 2 or NO x concentrations decrease the LF arc diameter (R LF ), while HF behavior remains unaffected. Examination of the concentration and temperature dependences of R LF provided mechanistic information. In the absence of NO x , a single power-law exponent (−0.62) describes the P O 2 dependence (0.02 to 18.9 atm) of R LF at all temperatures (600 to 700
• C). Dissociative adsorption of oxygen is suggested as a possibility for the rate-determining step. Also, when only O 2 is present, a single E a of 98 kJ/mol describes the temperature dependence for all concentrations, which may indicate the possible role of the Au/YSZ interface. The dependence of R LF /N Ox on NO x concentration (10 to 100 ppm) yields a power-law exponent of −1, and the molecular adsorption of NO is proposed as the RDS. When both O 2 and NO x are present, the resulting E a and P O 2 dependence vary with gas compositions and temperature, which may indicate competition between the two species. If adsorption processes are primarily responsible for the cell response, surface treatments of the YSZ could help to increase sensitivity and sensor signal. Further studies to elucidate the mechanisms are currently in progress.
